This paper lays out a framework for predicting the agricultural losses caused by an impeding invasion of a non-native species and for estimating the total economic impacts associated with the invasion, including direct, indirect and induced economic impacts. Along with the establishment of predicted total economic impacts, effects on employment and tax revenues are estimated using an input-output model. These estimates are essential for policy-makers to formulate appropriate responses. The framework is then applied to the case of the Red Streaked Leafhopper in the sugarcane producing regions of Louisiana. Results show that total annual impacts can be as high as $75 million from the leafhopper or as high as $956 million from the leafhopper carrying a specific phytoplasm after 25 years. State and local governments would lose $683,000 annually while federal revenues would be reduced by $3.3 million after 25 years. Employment effects from the leafhopper's spread range from 821 lost jobs with just the leafhopper to 10,397 lost jobs with the leafhopper and phytoplasm at 25 years, an almost 0.1% point increase in Louisiana's unemployment at current employment levels.
I. Introduction
The accelerating frequency of non-native species invasions has caused tremendous environmental and ecological damage and has led to many new challenges. For the purposes of pre-invasion prevention or for intervention after species establishment, estimates of the associated total economic impacts are crucial for policy-makers to gauge and target responses to invasions.
In invasive species management, prevention is the "first line of defense" and the most costeffective approach (The National Invasive Species Council, 2014) . Effective prevention and early intervention call for coordinated efforts from the government, local agencies and other interest groups. Accurate estimates of total economic impacts better motivate interested parties and provide incentives for early response. Providing such estimates can be challenging, however, since a forward-looking approach is needed. This paper provides a framework for rigorously estimating the total economic impacts of invasive species. The approach could be applied to any species invasion, but is especially useful before the invasion is fully realized.
Efforts have been made to estimate the losses or economic impacts of many invasive species. For example, Pimentel, Zuniga, & Morrison (2005) estimate that aggregate annual losses from invasive species in the U.S. are approximately $120 billion. Global costs are estimated to be around $1.5 trillion (Pimentel, et al., 2001) . Such estimates are calculated after the invasive species is fully established and losses are almost fully realized. At this point, any response to the invasion is likely to be less effective and more costly than an earlier response would have been. Even for estimating fully realized economic impacts, these estimates in previous literature still suffer from two major issues. First, total economic impacts extend far beyond what current estimates include.
Current estimates are usually calculated as the sum of losses in production reported by the various directly affected industries and reported costs incurred in efforts related to control or prevention.
These losses and costs are typically referred to as the direct impacts of the invasion. We show that direct impacts may only constitute about half of total economic impacts. Total economic impacts should also include: (1) the losses to other related businesses that use the products from the affected industries as inputs in their production, commonly known as downstream industries; (2) the losses to businesses that supply their products to the affected industries as inputs, commonly known as upstream industries; (3) the general societal impact resulting from the reduced spending of individuals who rely on the directly and indirectly affected industries for income. The losses to closely related industries in points (1) and (2) The second issue with current calculations of economic impacts is that, by focusing only on directly affected industries, these estimates fail to capture how these impacts are actually shared societally in the form of lost income, jobs, and tax revenues. Understanding the societal dispersion of impacts is the only way to justify the appropriate societal response to the invasion.
In contrast to previous literature, the framework proposed in this paper is capable of predicting the invasion of the non-native species, estimating the total economic impacts over the short-run and long-run horizons, and breaking down the total economic impacts across a variety of societal dimensions. An earlier estimate of economic impacts, along with a fuller picture of their magnitude and dispersion, will allow for a more effective response to both existing and future invasions.
Our approach is then applied to the case of the Red Streaked Leafhopper (Balclutha rubostriata, henceforth "leafhopper"), a grass-feeding insect which can carry a phytoplasm capable of decimating sugarcane crops. Currently the leafhopper is established along the Gulf coast of Total economic (direct, indirect, and induced) impacts after 15 years are estimated at nearly $30 million ($370 million) without (with) the phytoplasm. Also at the 15-year mark, the leafhopper alone is predicted to lower annual tax revenues by over $500,000 and to cost the Louisiana economy over 125 jobs. With the phytoplasm present, tax revenues are lowered by more than $6.5 million and over 1,500 jobs are lost.
After 25 years, the model suggests that the leafhopper will have spread almost completely through the relevant parts of Louisiana. At this point, direct impacts are estimated at $75 million ($950 million) annually without (with) the phytoplasm, while total annual economic impacts are estimated at $133 million ($1.7 billion). Lost tax revenues are over $4 million annually without and over $50 million with the phytoplasm; lost jobs are estimated at over 800 from the leafhopper and over 10,000 with both the leafhopper and phytoplasm.
The rest of the paper is structured as follows. Section II discusses the related literature on the economic impacts of invasive species and input-output models, and the background on
Leafhopper and sugarcane in Louisiana. Section III presents the framework for the estimation of total economic impacts with an application to the leafhopper. Section IV presents the application results and Section V provides discussion. The final section concludes.
II. Related Literature and Background

Literature on the Economic Impacts of Invasive Species
In 1993, the U.S. Congress's Office of Technological Assessment published a report estimating that from 1906 to 1991, a small number of invasive species for which estimates were available had cost the nation $97 billion in lost production and control expenses (OTA, 1993) . This report was one of the earliest attempts to measure the aggregate impacts of one or more invasive species. The report stresses that this number is very conservative, as estimates weren't available for a majority of harmful invasives, including some of the most costly.
More recently, Pimentel, Zuniga, and Morrison (2005) estimate that the approximately 50,000 invasive species in the United States cause almost $120 billion in annual damages and losses. Extrapolating from the losses estimated in six nations studied, Pimentel et al. (2001) estimate that global damages and costs from invasive species exceed $1.4 trillion annually.
Perrings et al. (2002) and Lovell and Stone (2005) However, to correctly carry out the cost-benefit analysis, the expected direct impacts, like those estimated in Cook et al. (2007) , need to be transformed into the total expected impacts.
The transformation from direct economic impacts to total economic impact can be accomplished using input-output models. Input-output models are common in a number of fields but not in the study of invasive species. Applications of these models include estimates of the net benefits of tourism, major sporting events like the Olympics or the FIFA World Cup, the regional economic benefits of universities, military bases, or corporations, and estimates of the total societal costs of certain diseases. One exception in the study of invasive species is Juliá , Holland, and
Guenthner (2007), which uses input-output models to estimate the total economic impact of the invasive yellow starthistle in Idaho. While their estimation accounts for the direct, indirect, and induced economic impacts, our approach goes further by including the tax and employment effects and modelling economic impacts before the invasion.
The approach in this paper combines a forward-looking model of an impending invasion with an input-output model to estimate the full range of total economic impacts. These total impacts are further broken down across a number of dimensions to capture how these effects are shared across groups in society. 
Background on the Leafhopper and Sugarcane in Louisiana
The Red Streaked Leafhopper (Balclutha rubrostriata) is a small, grass-feeding insect native to Sri Lanka and India which has spread to much of East Asia and the Pacific Rim, several
African countries, the eastern Mediterranean, Central America, Cuba, and Puerto Rico (Morgan, Smith-Herron, & Cook, 2013) . The leafhopper has several potential layers of economic importance through its effects on sugarcane, one of the grasses it prefers to feed upon. Leafhoppers damage sugarcane through sap removal when they feed, lessening crop yields (Long & Hensley, 1972) .
Of greater concern is the fact that the leafhopper has been identified as a carrier of the phytoplasm that causes sugarcane white leaf disease (Hanboonsong, Ritthison, Choosai, & Sirithorn, 2006) , which is capable of causing up to 100% crop loss in some areas (Rishi & Chen, 1989) . Related leafhoppers transmit at least seven other economically important diseases, and the Red Streaked
Leafhopper may be capable of transmitting these as well (Knight & Webb, 1993 Sugarcane production and processing is a major contributor to Louisiana's economy.
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According to the American Sugar Cane League, Louisiana is one of the major sugarcane growing states in the U.S., with more than 400,000 acres of sugarcane in 22 parishes. Approximately 13 million tons of sugar are produced each year and about 17,000 employees work in the sugarcane industry in Louisiana. Given the presence of the leafhopper in the Louisiana parish and the importance of sugarcane production in the state, correctly predicting and estimating the total economic impact of the leafhopper is both urgent and important.
Models
The framework proposed in this paper involves three steps. First, an appropriate biological model is selected to predict the spread of the invasive species. Various biological models have been developed to predict the invasion of non-native species, but there is no universal model that can be applied in every case. While it is beyond the scope of this paper to discuss the selection of appropriate biological models, the reader is referred to Elith (2012) for a discussion of various alternatives. The appropriate biological model will provide the predicted distribution of the invasive species at various locations for each point in time. Second, using the distributions, we can estimate the expected direct impacts of the species at each location and time. Finally, an input-output model is selected to estimate indirect and induced impacts from the projected direct impacts. 3 In addition, it is also important to break down total impacts geographically and societally to examine the economic impact from various perspectives. This three-step approach applies to situations in which the invasive species is anticipated to spread or in the early stage of spreading. For evaluating the economic impacts of fully established invasive species, only the final step of the approach is needed. The remainder of this section applies this framework specifically to the case of the Red Streaked Leafhopper.
Predicting invasion of the leafhoppers in Louisiana
The prediction begins with the confirmed location of the leafhopper in Louisiana and predicts its potential spread throughout the sugarcane growing regions of the state using Monte Carlo simulation. First, satellite imagery is used to identify growing regions throughout Louisiana at a time when these crops are the only vibrantly green plants in the state. 4 Then a grid is placed over the sugarcane fields, which breaks the area into 26,929 unique parcels, each with a maximum size of 24 acres. Together, these parcels account for 417,361 acres of sugarcane. Figure 1 is a map of the identified sugarcane growing regions in Louisiana. The parcel containing the confirmed leafhopper is in Rapides parish, and it is expanded and highlighted.
[Insert Figure 1 Here]
Given the initial presence of the leafhopper in this single parcel, the probability that the leafhopper spreads from one parcel to another is assumed to be a function of the distance between the two parcels 5 . Specifically, the probability of spread from one parcel to another that is units away is given by an exponential function with the following format:
where A and B are parameters which are chosen to make the calculated probabilities match the observed spread of the leafhopper. The exponential functional form has certain advantages compared to alternative functional forms. First, for − ≥ 0, it yields a value between 0 and 1, which satisfies the requirement of a valid probability. Second, this equation allows for very high probabilities of spread over short distances, with much lower, but still non-negligible probabilities of spread over greater distances. The model is parameterized to reflect the speed at which the leafhopper is capable of spreading, unaided, in a year. Therefore, the values of and are chosen so that the probability of the leafhopper spreading to a new parcel half a mile away in a year is equal to 0.9 while the probability of the leafhopper spreading to a new parcel 10 miles away is 0.0005. These probabilities come from estimations by Dr. Jerry Cook at Sam Houston State University, an entomologist who studies leafhoppers in Texas.
The simulation begins with the leafhopper only present in its currently confirmed location.
Then, for every other parcel in the dataset, the probability that the leafhopper spreads from the single occupied parcel is calculated, and the new parcel becomes occupied with that probability.
This concludes the first simulated year. In the second year, the probability of spread is calculated from every parcel that is occupied to every parcel that is unoccupied, and the new parcel becomes occupied based on all of the calculated probabilities. This process is repeated for years three through twenty-five. Each twenty-five year cycle counts as a single iteration of the model, and the model is simulated for 10,000 iterations. Through the properties of Monte Carlo simulation, the frequency with which a parcel is occupied after N years in these 10,000 simulations should give a very good approximation of the actual probability that an individual parcel has the leafhopper present after N years. Figure 2 depicts the estimated likelihood of the leafhopper spreading throughout Louisiana at various points in time, focusing only on parishes with sugarcane.
[Insert Figure 2 Here]
Given the estimated probability of the leafhopper being present in any parcel at any point in time, expected aggregate losses of all parcels within parish is calculated as:
where is the probability that parcel j will have the leafhopper present at a certain year, denotes the acreage of parcel j, and V is the average dollar value of each acre of sugarcane. In the estimation in this paper the value of V is set to be $2450, the approximate average value of a planted acre as part of a 4-year crop rotation from Salassi and Deliberto (2011) . The value of is equal to 7.5% when only the leafhopper is present and 95% when both the leafhopper and the phytoplasm are present.
The estimates above should be interpreted as the conservative end of the leafhopper's spreading capabilities. The actual spread of the leafhopper is likely to be more aggressive than modeled. Two factors may contribute to this potential acceleration. First, the spread is assumed to be completely unaided. However, it is likely that human interaction with the leafhopper will lead to faster diffusion. For example, many sugarcane growers in Louisiana operate as members of cooperatives which share harvesting equipment. Equipment that travels from field to field over several parishes may carry the leafhopper with it and aid the spread. Additionally, it is assumed in the simulation that leafhoppers spread within sugarcane parcels only. If the leafhopper is also capable of spreading to other grasses between sugarcane parcels, the facilitated spread will accelerate the invasion as well. Therefore, the damages estimated at various points in time should be considered a best-case scenario. Actual crop, revenue, and job losses will likely be realized faster than indicated by the simulation results.
2. An input-output model of total economic impacts
The aggregated losses by parish only reflect the direct agricultural impacts of the leafhopper or leafhopper with the phytoplasm. To obtain total economic impacts, we use the provides various multipliers that translate from a one dollar change in final production for a given sector to changes in output, personal income, employment, and taxes in the entire economy for every county/parish in the region and the nation.
For parishes growing sugarcane, the estimated direct agricultural impact is entered in IMPLAN as a reduction in the "Sugarcane and sugar beet farming" sector for that parish, and the multipliers are then used to calculate the total output, employment, and tax impacts for every parish in the state. The process is repeated for each sugarcane growing parish. 6 The total economic impact for each parish, whether sugarcane is grown there or not, is the aggregated change in total output resulting from all sugarcane growing parishes. The total impact in the state is obtained by aggregating the total economic impact across all parishes in the state. In addition, using industry specific multipliers, the total impact on output and employment can be broken down by affected industry. For example, a reduction in sugarcane farming in Rapides Parish can be translated into a change in real estate sales for Lafayette Parish. These breakdowns allow for an understanding of the societal distribution of impacts both geographically and by industry.
Results for the Red Streaked Leafhopper
The total economic impacts are estimated over a 25-year period, but only results for year 1, year 15 and year 25 are reported in this paper. 7 The direct impacts of the leafhopper after 15
and 25 years are listed by parish in Table 1 . The first column under each year assumes that the leafhopper is spreading, but the phytoplasm is absent. The second column assumes the spread of both the leafhopper and the phytoplasm. 8 All estimates assume that no new action is taken by policymakers to stop the spread of the leafhopper.
[Insert Table 1 [Insert Table 2 Here] Table 2 lists the total economic impacts by parish for all parishes in Louisiana. After 15 years, the annual economic effects total almost $29 million from the leafhopper, and over $365 million with the phytoplasm. Pointe Coupee, the parish with the highest direct impact, also has the highest total impact at almost $9 million. After 25 years, the total economic effects rise to $132 million from the leafhopper and almost $1.7 billion with the phytoplasm. The most affected parish is St. Mary, which passes Iberia due to higher indirect and induced impacts. Comparisons 7 The detailed results for all 25 years are available upon request from the authors. 8 With the initial leafhopper presence occurring in Rapides parish, every parcel in Rapides has a 100% probability of infection after 15 years. Therefore, the direct impacts for Rapides do not change from 15 to 25 years.
between total economic impacts from Table 2 and direct economic impacts from Table 1 reveal that total economic impacts are about 1.8 times larger than their direct counterparts. Therefore examining only the direct impacts of the invasion would capture merely 57% of the true economic impacts.
While the largest portion of economic impacts falls in the 23 parishes growing sugarcane, the parishes with no sugarcane industry lose almost $2.4 million annually at the 25 year mark from the leafhopper, and over $30 million annually with the phytoplasm. These parishes are not directly impacted, but they still suffer indirect and induced impacts. Thus estimating the direct economic impacts instead of the total economic impact can result in misleading estimates, and impacts to individuals and areas outside the sugarcane industry will be ignored. From the policymaking perspective, focusing on direct economic impacts only may result in insufficient prevention and control actions from the authorities and interest groups.
Another way to examine the impacts of the invasive species is to translate total impacts into impacts on tax revenue and employment. Table 3 summarizes these impacts of the leafhopper invasion. State and local governments would lose $73 thousand annually after 15 years of the leafhopper spreading, while federal revenues would be reduced by $440 thousand. After 25 years, these numbers increase to $683 thousand and $3.3 million respectively. Given the fact that the leafhopper is already present in Louisiana and its spread is almost guaranteed without a response, these foregone tax revenues from a single year could justify a multimillion dollar response from various levels of government. Note that cumulative effects would be significantly larger and would depend on how rapidly the actual spread of the leafhopper occurs.
[Insert Table 3 Both total economic impacts and employment impacts can be broken down by affected industry. These breakdowns are reported for year 25 in Table 4 . Unsurprisingly, sugarcane production is the most affected industry by both employment and output. Other highly affected industries are, perhaps, less expected. The third most affected industry by employment is real estate, and the fifth most affected is food service and drinking places. Petroleum refineries and banks are ranked second and third by output. Clearly, the impacts of the leafhopper extend beyond agricultural industries.
[Insert Table 4 Here]
In addition to the impacts calculated here, a spread of both the leafhopper and phytoplasm would likely lead to a small but not insignificant increase in US sugar prices, which in turn could affect the prices of corn syrup, artificial sweeteners, and other related products. While it is beyond the scope of this paper to estimate all of these effects, recognizing them does help in understanding the broad and far-reaching impacts that the invasion might have.
This paper looks only at the impacts of the leafhopper on Louisiana sugarcane. Now that it is established in the continental United States, the leafhopper also poses a threat to the sugarcane industry in Texas and the sugarcane industry in Florida, which produces even more sugarcane than Louisiana (United States Department of Agriculture-Economic Research Service, 2014). The establishment of the leafhopper in the western hemisphere is also of concern to Brazil, whose vast sugarcane harvests are used in their successful ethanol program.
5. Discussion-benefits of early intervention Rejmanek and Pitcairn (2002) point out that early detection and intervention can be the most effect way to control the spread of invasive species. Actually, for certain species, complete eradication turns to be impossible after the intensity of invasive species reaches a certain level.
Figure 3, adopted from Rejmanek and Pitcairn (2002) , shows the estimated relationship between the probability of successfully eradicating invasive species, average number of work hours needed, and the infestation area. As expected, the higher the infestation area, the less likely for eradication is to succeed. Almost immediately after the initial invasion, the probability of success drops dramatically from around 90% to about 45%. The amount of effort needed for eradication is below 10,000 hours when infestation is relatively low, but goes up dramatically when the intensity of the infestation increases.
In addition, from the economic perspective, early intervention and detection also allows for substantially saving on future economics losses. To further examine the benefit of early intervention, we summarize the direct and total economic impacts of leafhopper in years 1, 15 and 25 in Table 5 . The direct impacts in year 1 range from about $0.1 million without the phytoplasm to about $1.5 million with the phytoplasm in year 1. Without adequate control, the leafhopper could cost all parishes in Louisiana as much as $75 million in lost sugarcane production without the phytoplasm or almost $1 billion with the phytoplasm 25 years later. The contrast between the years reported in terms of total economic impacts is even more significant. Without the phytoplasm, the total impacts in year 1 are only $211 thousand, while the total impacts increase to about $29 million in year 15 and $132 million in year 25. If the phytoplasm is present, the total impacts in year 1 are about $2.7 million, and the figure increases to $365 million and $1.7 billion respectively in years 15 and 25.
Conclusion
The economic impacts of invasive species have been estimated in the billions or trillions of dollars annually and still growing, but response and prevention efforts are orders of magnitude smaller (Pimentel, et al., 2001 ). This may be because i) the true economic impacts of an invasive species are often underestimated because indirect and induced impacts are usually ignored in previous estimates, ii) the costs of invasive species are often only calculated after the invasion has occurred and response or prevention efforts are much less effective by then, and iii) the costs of the invasive species are assumed to fall on a limited group of industries or individuals that are directly impacted. This paper introduces a more comprehensive approach to estimating the total economic impacts of an invasive species prior to the invasion. By predicting the invasion through simulations, estimates of direct impacts can be obtained and indirect and induced impacts can be estimated using an input-output model. The accurate estimates of the total economic impacts are essential for a policymaker to make effective response decisions. In addition, by examining the breakdown of the impacts across society and industries, appropriate support can be garnered to craft a response. Note: Based on data for eradication projects of 18 noxious week species and 53 independent infestations in California. 
